As a bifunctional ionic liquid used for the extraction of yttrium and heavy rare earth elements (REEs), [POAA] using a constant interfacial area cell were reported. Comparing with the conventional (2,6-dimethylheptyl) phenoxy acetic acid (HPOAA) extraction system, the forward extraction rate 
Introduction
Rare earth elements (REEs), including La-Lu, Sc and Y, have become critical materials in various elds, such as in catalysts, alloys, magnets, lasers, batteries, electronics, lighting, and telecommunications.
1 Heavy REEs consisting of Y, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu exhibit irreplaceable specic performance, therefore, they have become important elements in exploring high technology materials. 2 Solvent extraction processes have been well established and widely applied in the REEs separation industry of China with organic phosphonic/ phosphoric acids and carboxylic acids. 3, 4 However, the saponication of the acidic extractants results in the release of NH 4 + , Na + , Ca 2+ or Mg 2+ to wastewaters and serious pollution. There is a growing interest in developing new extractants and corresponding materials to solve these problems.
5
Ionic liquids are a series of organic salts which have received much attention as green solvents in many elds. 6, 7 Bifunctional ionic liquids (BILs) composed of quaternary ammonium/ phosphonium cation and monobasic acidic extractant, have become the focus of research for the separation of yttrium and heavy REEs in recent years. 8 The inner synergistic effects of BILs for solvent extraction of metal ions using [tricaprylmethyl ammonium][di-2-ethylhexyl phosphinate] as extractant have been reported. [9] [10] [11] The results show that the extraction efficiency of REEs has been enhanced and the selectivity has been changed in the BIL system. Other advantages, such as avoiding saponication wastewater from the application of acidic extractants, low acidity for extraction and good interfacial phenomena, have emerged.
12,13 (2,6-Dimethylheptyl) phenoxy acetic acid (HPOAA) and [methyltrioctyl ammonium (N 1888 
[POAA] have been synthesized in this lab recently. The former was used for the separation of high-purity yttrium from ionabsorbed rare earth ore. [14] [15] [16] The later was used for the development of sustainable yttrium separation process from heavy rare earth enrichments. 17 Equilibrium data have been collected and the separation process for industrial application may contribute to eliminating the saponication process and avoiding the acid or base consumption. However, there still remains considerable uncertainty about the kinetics involved in the extraction of REEs, such as extraction regimes (diffusion, chemical reaction or mixed controlled) and chemical reaction zone which control the rate of extraction in the bulk phases or at the liquid-liquid interface.
Although there were various instruments and methods to determine how the extraction rates depended on the time, such as single drop technique, 18, 19 hollow ber membrane method, from aqueous chloride solutions into n-heptane solutions were discussed, respectively. 34, 35 However, less reports to our knowledge concern the extraction kinetics of mixed rare earth elements using a constant interfacial area cell. The main idea of this paper is to elaborate the extraction rates of 15 kinds of REEs from aqueous solution into bifunctional ionic liquid [N 1888 ] [POAA] which closer to the industrial conditions. The effects of stirring speed, temperature, specic interfacial area and extractant concentration on the extraction rate were examined. The kinetic mechanism concerns whether the extraction process was controlled by diffusion or chemical reaction, and whether the reaction zone was in the bulk phases or at the interface were involved.
Experimental

Materials and methods
Methyltrioctyl ammonium chloride ([N 1888 ]Cl, purity > 99%) was purchased from Anhui Benma Pioneer Technology Co., Ltd., China. (2,6-Dimethylheptyl) phenol and sodium chloroacetate were purchased from Chendu Xiya Reagent Chemical Technology Co., Ltd. Individual REE stock solutions, including La-Lu plus Y, were prepared by dissolving the corresponding oxide (>99.99%, Ganzhou Rare Earth Group Co., Ltd., China) with hydrochloric acid and diluting with deionized water. All the chemicals were used without further purication.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) Horiba Ultima 2 was used to determine the concentrations of REEs. Fig. 1 . The former was prepared in laboratory scale via Williamson reaction and the synthetic routes were described. 16 The later was prepared by acid-base neutralization method. 17 The amount of residual Cl À in the product of [N 1888 ][POAA] determined was lower than 0.07 wt%.
Experimental procedures
A constant interfacial area cell which improved from Nitschtype stirred cell 36 was adopted to investigate the extraction kinetics. As shown in Fig. 2(a) , the cell whose phase was independently agitated with a stirring paddle was made of Table 1 The kinetic mechanism including extraction regime and reaction zone of metal ions with extractants using constant interfacial area cell 
e CA12 is sec-octylphenoxy acetic acid. f CA100 is secnonylphenoxy acetic acid.
g C923 is Cyanex 923 (R 3 P]O), a mixture of four trialkylphosphine oxides in which each R group is either hexyl or octyl.
h TODGA is N,N,N 0 ,N 0 -tetraoctyl diglycolamide. 
Data treatment
This paper discussed the extraction of the mixed rare earth ions with bifunctional ionic liquid and time was the new parameter introduced into the kinetic processes which differ from equilibrium thermodynamics. Because the extraction reactions occurred simultaneously, the extraction model can be formulated as parallel reactions.
where (a), (o), k ao (cm s À1 ) and k oa (cm s À1 ) represent the aqueous phase, organic phase, forward extraction rate and backward extraction rate, respectively. RE equals La-Lu plus Y except Pm. The extraction rate is given by the following equation.
where n (o) is the total number of moles of REEs in the organic phase, V (mL) is the volume of either aqueous or organic phase, and A (cm 2 ) is the interfacial area. At equilibrium time, eqn (2) is equal to zero. Thus,
where k d refers to the distribution ratio, and e is the concentration at equilibrium. From the mass balance, eqn (2) can be integrated and rewritten as,
k d was determined by collecting samples from the aqueous phase at equilibrium.
k oa and k ao can be obtained by curve tting the plots of s versus time (t).
3 Results and discussion
Characterization of the experimental equipment
To verify the accuracy of mass transfer of REEs, theoretical calculation and practical kinetic experiments using the constant interfacial area cell were completed. According to mass transfer model, mass transfer per square centimetre, T r , can be expressed as follows,
where V is the volume of aqueous phase (mL), A is interfacial area (cm 2 ), C ini is initial concentration of RE ion in aqueous
k d can be deduced from T r as the following equation,
where F is the conversion factor. As shown in Fig. 3 , k d values predicted by theoretical calculations ( Fig. 3(a) and (b) ) are close to practical kinetic values obtained from kinetic experiments (Fig. 3(c) and (d) ) using the constant interfacial area cell. In comparison with the predicted values, the experimental values in the [N 1888 ][POAA] extraction system were closer than that of the HPOAA extraction system as the reaction proceeds. The relative errors of REEs are less than Fig. 2 The experimental equipment of kinetics (a) and detailed structure of the constant interfacial area cell (b) used to study the extraction kinetics. [POAA] extraction system and HPOAA system. The position of yttrium lies without the lanthanide series in the HPOAA system and the extraction rate order of HPOAA followed the sequence, Y < Lu < Yb < Tm < Er < Ho < Dy < Tb < La < Gd < Ce < Pr < Eu < Nd < Sm. When it was developed to the [N 1888 ][POAA], the extraction rate order follows, La < Ce < Pr < Nd < Y < Ho < Er < Gd < Dy < Tb < Eu < Tm < Sm < Yb < Lu.
43% in
Comparing with HPOAA extraction system, the forward extraction rates (k ao , mm s 39 Thus, the kinetic results were consistent with the thermodynamic reaction data.
Dependence of the extraction rate on stirring speed
It is known that, the mass transfer rate of metal cations in liquid-liquid solvent extraction systems was a function of both the diffusion of the involved species and the kinetics of the chemical reaction in the two liquid phases. Therefore, diffusion-controlled and chemical reaction-controlled regimes were two representative types of extraction regimes. The effect of the extraction rate on the stirring rate was adopted to identify the reaction regime of the current extraction system and the results are shown in Fig. 5 . It is found that as the mixing speed increases, the extraction rates reached asymptotes from 100 to 300 rpm but was nearly constant in the range of mixing speed exceeds 300 rpm. When the stirring speed exceeded 350 rpm, it was hard to maintain the quiescent interface. The independence of extraction rate from the stirring speed suggests that with increased stirring rate and average velocity (U), the diffusion lm (d) became thinner and the diffusion resistance became smaller. Detailed discussion on the effect of stirring speed on d and U are in ESI (Fig. S1 †) . Beyond a distinct stirring rate, the diffusion resistance may be ignored and only the chemical reaction needs to be considered. Therefore, other kinetic experiments were measured at 300 rpm to maintain the same hydrodynamic conditions in this work. 
Dependence of the extraction rate on temperature
In the most general case, the extraction rate increases with the increasing temperature. Effect of temperature on extraction rate of mixed rare earths have been studied and results are shown in Fig. 6 . Present study demonstrates increased sharply in the extraction of REEs with an increase at temperatures lower than 298 K and slowly at temperatures higher than 298 K. The activation energy, E a , was calculated according to the Arrhenius equation and the results are listed in Table 3 . 
where C is known as the pre-exponential factor. It is reported that a process was characterized as diffusion controlled when E a was <20 kJ mol À1 or as chemical reaction controlled when E a was >42 kJ mol À1 . 40 Correspondingly, it suggests that a chemical reaction controlled regime when temperatures were lower than 298 K and a diffusion controlled regime when temperatures exceeded 298 K.
The temperature does affects the separation factors of REEs. As shown in Table 4 , the separation factor of heavy REEs of Tm, Yb and Lu in the [N 1888 ][POAA] system increased 16.2%, 29.5% and 34.6% when the temperature increased from 278 K to 328 K, respectively. When it comes to light REEs, there are different rate decrease of the separation factor of La, Ce, Pr, Nd, Sm, Eu, Gd and Tb. Similar results were reported that when the temperature increased from 278 K to 333 K, the separation factor of Tm/Yb and Yb/Lu in the P507 and C272 extraction system increased form 1.13 and 1.18 to 2.31 and 1.68, respectively. 41 In combination with Fig. 6 , it might be explained that although the absolute extraction rates of all REEs increase with the increasing temperature, the absolute extraction rates of heavy REEs increases higher than that of light REEs which result in the growing gaps of separation factors between heavy REEs and light REEs.
Dependence of the extraction rate on specic interfacial area
To examine the dependence of the extraction rate, mass transfer rates were obtained as function of the specic interfacial area (A/V) at a constant stirring speed (300 rpm). As shown in Fig. 7 , the extraction rate was independent of the specic interfacial area, which indicated that reactions occurring in the bulk of the phases rather than rate determining. 
Accordingly, the extraction rate equation of REEs can be proposed as:
where, k f is the forward extraction constant.
To simplify the calculation model, the reverse extraction rate can be ignored when the concentration of extractant in the organic phase is much higher than the concentration of metal ions in the aqueous phase. Combining eqn (2) and (10), one can write the following equation:
By investigating the effect of [N 1888 ][POAA] concentration on extraction rate of mixed REEs (Fig. 8) , k f of REEs were obtained and the results are shown in Table 5 extraction system aer 80 minutes, respectively. Effect of stirring speed, temperature specic interfacial area and extractant concentration on the extraction rate of REEs were studied. 300 rpm was suggested to ensure the extraction regimes were chemical reaction-controlled rather than diffusion-controlled when the temperatures were lower than 298 K. The extraction rate was independent of the specic interfacial area, which indicated that reactions occurring in the bulk of the phases. The average extraction rate equation of REEs have also been obtained using a constant interfacial area cell as: . Kinetic data obtained above will be used to recognize the thermodynamic mechanism and optimize extraction processes.
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